Dr. Bohr-Gasse 7 assessed by HPLC over a MonoQ column; our unpublished data). We therefore tested the ability of recombi-A-1030 Vienna Austria nant Xl Sept2 to bind and hydrolyze exogenous guanine nucleotide. Using a filter binding assay, we found that 2 Max Planck Institute of Molecular Cell Biology and Genetics Xl Sept2 bound to radiolabeled GTP, whereas the BSA control showed no detectable binding ( Figure 1C ).
S], and the production of radioactive GDP or free thio-phosphate was followed by thin role of GTP binding and hydrolysis in filament formation has not been elucidated. Furthermore, several layer chromatography (TLC). GTP, but not GTP-␥-S, was efficiently hydrolyzed ( Figure 1D ). On the other hand, lines of evidence suggest that not all the subunits of the septin complex are required for all aspects of sepaddition of 10 units of alkaline phosphatase to the GTP-␥-S-containing sample resulted in Ͼ70% hydrolysis tin function [3, 7] . To address these questions, we have reconstituted filament assembly in vitro by using a within 60 min (our unpublished data). Thus, Xl Sept2 readily binds and hydrolyzes exogenous GTP. recombinant Xenopus septin, Xl Sept2. Filament assembly is GTP dependent; moreover, the coiled-coil Filament-forming proteins such as actin, tubulin, and FtsZ polymerize in a nucleotide-dependent manner. To domain common to most septins is not essential for filament formation. Septin polymerization is preceded determine whether Xl Sept2 can assemble into filaments in the presence of guanine nucleotide, we incubated the by a lag phase, suggesting a cooperative assembly mechanism. The slowly hydrolyzable GTP analog, protein with GTP or GTP-␥-S and subsequently adsorbed it to glass coverslips. The coverslips were then GTP-␥-S, also induces polymerization, indicating that polymerization does not require GTP hydrolysis. If the fixed and stained with anti-Xl Sept2 antibody. Under these conditions, immunofluorescence microscopy reproperties of Xl Sept2 filaments reflect those of native septin complexes, these results imply that the growth vealed filamentous structures of up to 7 m in length ( Figure 2A ). These filaments were of uniform intensity or stability of septin filaments, or both, is regulated by the state of bound nucleotide.
along their lengths, suggesting a constant width. Filaments were not observed when Xl Sept2 was incubated with ATP or GDP (Figure 2A ). The structure of Xl Sept2 Results and Discussion filaments was examined by transmission electron microscopy ( Figure 2B ). Short filaments (with a length beTo obtain large amounts of septin protein, a Xenopus tween 200 and 1000 nm) could be detected in reactions septin, Xl Sept2, was expressed in E. coli, and the protein that had been incubated with GTP for 5 min, whereas was purified by affinity column chromatography. The longer incubation periods resulted in filaments Ն1000 purity of the column eluate exceeded 90%, as judged nm long ( Figure 2B , upper left panel). The width of the by Coomassie-stained acrylamide gels ( Figure 1A ). Furfilaments was estimated to be approximately 20 nm. In thermore, the preparation ran as a single peak of apparthe absence of added nucleotide or in the presence ent molecular weight of 87 kDa on a gel filtration column, of ATP, small amorphous aggregates were observed, compatible with it being a monomer or a very stable confirming that filament formation requires GTP (Figure dimer minal sequences predicted to form a coiled-coil. However, the importance of these domains in septin funcMoreover, structures reminiscent of the paired filaments described here have been observed when the purified tion(s) has not been addressed previously. We have generated a septin protein lacking the coiled-coil doyeast septin complex is dialyzed into a low-salt buffer; in this case, filaments within a doublet were spaced main (⌬cc-Sep2) and have characterized its GTPaseand filament-formation activities. ⌬cc-Sep2 maintained by a variable (2-20 nm) gap without sign of a bridging structure [3] . A minority of Xl Sept2 filaments associated GTPase activity, albeit with a reduced GTP binding efficiency ( Figures 1C and 1D ). This could indicate that laterally to form small bundles ( Figure 2B ). The presence of guanine nucleotide is therefore sufficient to induce a larger fraction of the truncated protein fails to fold correctly in the bacterial cell as compared to the fullassembly of a single septin into filamentous structures.
Many (but not all) of the known septins contain C-terlength septin. Importantly, purified ⌬cc-Sep2 was able In order to gain insights into the septin polymerization mechanism, we examined the kinetics of Xl Sept2 fila- The addition of GTP resulted in a rapid increase in light scattering after a lag phase; filament assembly was then immunofluorescence, for which anti-Xl Sept2 antibody was used in conjunction with fluorophore-coupled followed by a steady-state phase in which polymer content remained constant over time ( Figure 4A ). The durastreptavidin (our unpublished data). When polymerized under equivalent conditions, ⌬cc-Sep2 filaments were tion of the lag phase was inversely proportional to Xl Sept2 concentration. The lag phase is not solely due to less abundant than Xl Sept2 filaments (compare GTP panels in Figures 2A and 3A) . Thus, the filament formathe slow kinetics of nucleotide binding, which is independent of Xl Sept2 concentration (our unpublished tion ability of Xl Sept2 is diminished, but not abolished, by deletion of the coiled-coil domain. data). A lag phase is suggestive of a nucleated polymer- ization mechanism, in which initiation of filament assemthe conditions used to measure polymerization in Figure  4A , up to 70% of Xl Sept2 is bound to GDP 60 min bly is the rate-limiting process and is followed by a relatively faster elongation of polymer nuclei [14] . after nucleotide addition (see Experimental Procedures). Therefore, our data are compatible with either of these We sought to examine the role of GTP hydrolysis in the polymerization kinetics of Xl Sept2. To this aim, we two mechanisms (or both) accounting for the different polymerization capabilities of Xl Sept2 in the presence used the GTP analog GTP-␥-S, which binds to Xl Sept2 with the same affinity as GTP but fails to be hydrolyzed of GTP and GTP-␥-S. Importantly, these data confirm that filament assembly does not require GTP hydrolysis. (see Figures 1D and 1E) . The use of GTP-␥-S in polymerization reactions did not significantly alter the length of Although Xl Sept2 can polymerize in the presence of GTP-␥-S, which is not hydrolyzed to a detectable extent, the lag phase (compare plots in Figure 4A ). However, equal concentrations of Xl Sept2 yielded a higher degree the data in Figure 1 indicate that Xl Sept2 does hydrolyze GTP. Therefore, we determined the state of the nucleoof polymerization at steady state in the presence of GTP-␥-S than in the presence of GTP. Hence, the equilibrium tide bound to polymeric Xl Sept2. Septin filaments that were assembled in the presence of 32 P-␣-GTP (25 M between monomeric and polymeric septin appears to be shifted toward polymer formation when nucleotide Sept2, 500 M GTP) were sedimented through a glycerol cushion to isolate polymeric Xl Sept2. SDS-PAGE analyhydrolysis is inhibited. Although filament bundling could also account for this relative increase, EM analysis did sis showed that under these conditions septin protein sediments in a GTP-dependent manner ( Figure 4D ). The not indicate a significant increase in bundling in the presence of GTP-␥-S (Figure 2) . Several alternative nucleotide bound to polymeric septin was extracted and resolved by TLC. We found that the GDP:GTP ratio was mechanisms could account for the differences seen between GTP-and GTP-␥-S-induced polymerization. Sep-2:1 both in the unfractionated septin reaction and in the fraction containing polymeric septin ( Figure 4C ). Altin filaments bound to GDP could be less stable than filaments bound to GTP (or GTP-␥-S). Additionally, mothough significant amounts (30%) of GMP were also present in the unfractionated reaction, no GMP was nomeric GDP bound Xl Sept2 may accumulate in the reaction and have a lower affinity for filament ends than present in the pellet. Thus, both GDP and GTP are present in polymeric septin. These data further confirm that GTP bound monomer. Indeed, we have found that under polymerization is not directly coupled to nucleotide hythe subunits in the septin complex are required for all aspects of septin function in these organisms. In this drolysis, which is consistent with the observation that paper, we have shown that a single septin can efficiently GTP-␥-S also supports polymerization. polymerize in vitro. Thus, filament assembly in vitro does If Xl Sept2 forms nucleated polymers, there ought to not require septin heteromultimers. Whether a single be a "critical concentration" for filament assembly. This septin subunit can polymerize in vivo remains to be is defined as the concentration below which nucleation determined. It is conceivable that the general properties cannot occur and only monomers (and a small number of of septin polymerization that we have described by exshort oligomers) exist. Above the critical concentration, amining a single subunit may be generally applicable nucleated polymers assemble and are in equilibrium to the biochemistry of septin heteromultimers, though with the monomeric form. The most reliable method of future experiments are necessary to establish this point. measuring the critical concentration is to dilute preasThe relationship between septin polymerization and sembled polymer to a variety of concentrations and to septin function has been addressed previously. Cells determine the concentration below which all filaments carrying a deletion of the CDC10 septin gene maintain disassemble. This experimental procedure is preferred many septin-dependent functions (localization of Bni4p, over initiating assembly at different concentrations beBud4p, and the other septins to the bud neck, efficient cause near the critical concentration, the long lag cytokinesis) but lack neck filaments. Although the relaphases and low elongation rates make it difficult to astionship between neck filaments and septin filaments is sess when steady state has been reached. We therefore not entirely clear, this result indicates that highly ordered assembled Xl Sept2 
